The risk of infective endocarditis (IE) in adults with congenital heart disease is known to be increased, yet empirical risk estimates are lacking. We sought to predict the occurrence of IE in patients with congenital heart disease at the transition from childhood into adulthood.
Introduction
Over the past decades, the number of adults with congenital heart disease in the population has markedly increased, and is currently estimated at more than 1 million in the USA, 1 and over 1.2 million in Europe. 2 Despite major advancements in medical care for these patients, a vast proportion experiences mild to life-threatening complications. 3 -5 A clinically relevant subgroup among these patients are youngsters who have recently made the transition from the paediatric to the adult cardiologist. The paucity of evidence on long-term prognosis makes it difficult to establish an optimal medical management plan, where accurate information on future health perspectives is important to both the young adult patient and the cardiologist. 6, 7 One of the complications encountered in adult patients with congenital heart disease is infective endocarditis (IE), which carries a substantial risk of morbidity and mortality with a mortality rate up to 20%. 8, 9 This stresses the importance of identifying patients who are at high risk for developing IE. Currently, risk estimates of individual patients are based on consensus of expert opinions rather than solid scientific evidence, 10, 11 since the available literature largely concentrates on patients with acquired heart disease, 12 -14 and accurate risk estimates of IE in young adults with congenital heart disease are lacking. Yet, timely identification may target patients who would maximally benefit from preventive measures or increased medical surveillance, aimed at lowering the risk of developing IE. We used the Dutch national CONCOR registry for adults with congenital heart disease to predict in 18-year-old adult patients with congenital heart disease their risk of IE before the age of 40 and 60 years using simple clinical parameters.
Methods

CONCOR registry
The CONCOR (CONgenital CORvitia) Dutch national registry database has been described in detail. 15 Briefly, CONCOR aims to facilitate research into the aetiology of congenital heart disease and on its outcome. From November 2001, patients with congenital heart disease aged 18 years or older have been recruited and included by three independent, permanently employed research nurses through the treating cardiologist or via response to advertisements in local media. Clinical data such as diagnosis, clinical events, and procedures-classified using the European Paediatric Cardiac Code Short List coding scheme 16 -as well as patient and family history were obtained from medical records. In case of multiple diagnoses in one patient, a pre-specified hierarchical scheme founded on consensus-based classification of defect severity 17 was used, by means of which the diagnosis with the worst prognosis was established as main diagnosis. After entry, data on major cardiac events prior to entry and during follow-up were systematically recorded from the patients' medical letters written by their cardiologist. Quality control of data is performed by randomly verifying around 10% of data yearly; less than 1% of all data was erroneous. Currently, 102 Dutch hospitals are participating, including all 8 tertiary referral centres from which 70% of patients originate.
Predictors
In CONCOR, patients aged at least 18 years at the time of analysis (9 March 2009) were identified. Date of birth, gender, main diagnosis, the presence of other defects, and the occurrence and date of established IE, diagnosed according to the modified Duke criteria in all affiliated institutions alike, 18 were derived. Furthermore, a number of complications and interventions that had occurred prior to the age of 18 were included as predictors, because they either potentially increased the risk of IE or were considered clinically important events that, therefore, may have predictive ability: 19 cerebrovascular accident or transient ischaemic attack, supraventricular arrhythmias or conduction disturbances, ventricular arrhythmias, aortic complications (comprising aneurysm and dissection), myocardial infarction, systemic hypertension, pulmonary hypertension, and Eisenmenger syndrome. Pulmonary arterial hypertension was defined as a systolic pulmonary pressure above 40 mmHg and was estimated on the basis of echocardiographic evaluation (tricuspid regurgitation jet velocity measurements), as invasive data were generally not available. Pulmonary hypertension was considered to be Eisenmenger syndrome after shunt reversal of the original systemic-to-pulmonary shunt, accompanied by cyanosis. Death was also recorded. Finally, interventions prior to age 18 were recorded that may have increased the risk of IE by inducing highvelocity or turbulent flows, or by introducing foreign tissue into the heart: implantation of a pacemaker or implantable cardioverter defibrillator, stent placement, prosthetic valvar replacement, other interventions using prosthetic material, and palliative shunts or conduits including Fontan.
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Prediction model
Our aim is to construct a risk model for 18-year-old patients who recently transferred from the paediatric to the adult cardiologist. The components should, in daily clinical setting, be easily obtained from medical history taking. The outcome was IE up to 40 and 60 years of age; we chose these cut-off points as they form large yet recognizable time spans to both patients and clinicians and because they allowed for a stable fixed-age model. We considered it the best approximation to clinical setting to include all candidate predictors ( Table 1 ) in a Cox proportional hazards model, with adult-onset IE or death from IE (yes vs. no) as the time-dependent outcome variable and sets of predictors as independent variables; elapsed time between 18th birthday and censoring was calculated. In case of multiple episodes of adult-onset IE in a single patient, the first episode was used for the analysis. Congenital heart defect was entered as a dummy variable with atrial septal defect as the reference category; patent arterial duct (84% ligated) was added to this category, having no cases of IE. Candidate predictors were entered into the model and subsequently excluded in a backward stepwise fashion using the likelihood ratio test with a P-value according to Akaike's Information Criterion. 20, 21 We specified the total follow-up experience for IE to a fixed 22-and 42-year follow-up from the age of 18 years (thus up to the age of 40 and 60, respectively) using the linear predictor from the final model and the set baseline hazard of the CONCOR patients who had exactly 22 years (n ¼ 205) and 42 years (n ¼ 95) of follow-up from the age of 18.
22,23
To study the performance of the final prediction model, we assessed its discrimination and calibration. Discrimination is the ability of the model to distinguish between patients with and without IE. Discrimination was quantified by the concordance-statistic (c-statistic), which is equal to the area under the receiver operating characteristic curve (AUC). 24 An AUC ranges from 0.5 (no discrimination; equal to flipping a coin) to 1.0 (perfect discrimination). 25 Calibration refers to the agreement between the predicted risk estimates and the observed probabilities. We introduced a cut-off value in the predicted risk estimates at 0.03, thus categorizing patients as having a low or high risk of developing IE up to the age of 40 and 60. This cut-off point was chosen both on the basis of the distribution of observed occurrence of IE and for reasons of practical applicability. Then we calculated the observed cumulative incidences (Kaplan -Meier estimates) after 22-and 42-year follow-up for each predicted risk category and compared them graphically ( Figure 2 ). Prediction models derived using multivariable regression analysis may overestimate regression coefficients, resulting in overvalued predictions when applied in new patients. 26 ,27 Therefore, we internally validated our model with bootstrapping techniques, resulting in a shrinkage factor for the regression coefficients and the c-statistic.
26,28
The corrected c-statistic may be considered an estimate of discriminative ability that is expected in future adult patients with congenital heart disease.
To facilitate the practical application of the model in clinical practice, the regression coefficients of the predictors in the model were converted into a score chart; the total points (sum scores) were divided by 10, rounded to the nearest integer, and subsequently linked to the risk of developing IE up to the age of 40 and 60.
Turning 18 with congenital heart disease
Data summaries
Frequencies of complications and interventions up to the age of 18 years were calculated. The incidence rate of IE was calculated by dividing the number of patients with IE by patient-years (i.e. number of all patients multiplied by duration between 18th birthday and censoring) for each defect (n ≥ 100). Results were expressed as hazard ratios (HR) with 95% confidence intervals (CI); 95% CI not including 1.0, corresponding to two-sided P-values of less than 0.05, were considered statistically significant. Analyses were performed using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA) and R (version 2.8.1, http://www.r-project.org).
Results
Of 10 210 patients, 5186 (51%) were female and the median age was 37.3 years (range 18.1-93.5) at the time of analysis. Median follow-up duration was 18.9 years (range 0.1 -75.5). Adult-onset IE occurred in 233 patients (2.3%) during 220 688 patient-years; among these patients, 28 subjects (12%) experienced IE twice throughout life, and 6 patients (3%) encountered three or more episodes of IE. risk of IE than men (P , 0.001) after adjustment for underlying defect. Among all patients, there was no significant difference in IE risk between patients who had undergone an intervention in childhood (n ¼ 4864, 48%) and patients who had not (HR 0.9, 95% CI 0.6 -1.2, P ¼ 0.37). The incidence of adult-onset IE was 2.6% in patients who had undergone a palliative intervention in childhood, and 1.3% in patients who had undergone a corrective intervention. The risk of IE did not differ significantly between these groups after adjustment for gender and underlying defect (HR 1.6, 95% CI 0.9 -3.0, P ¼ 0.10).
During follow-up in CONCOR, 13 patients died from IE; their most frequently underlying defects were aortic stenosis (n ¼ 4), Tetralogy of Fallot (n ¼ 2), and ventricular septal defect (n ¼ 2). Separately, patients with IE had a 90% higher risk of all-cause death than patients without IE (P ¼ 0.02) after adjustment for gender and defect. Figure 1 shows the incidence of IE per 1000 patient-years by defect. The overall incidence rate of IE at adult age was 1.1 (95% CI 0.9-1.2) case per 1000 patient-years. Patients with pulmonary atresia and congenitally corrected transposition of the great arteries had the highest incidence rate of IE with 5.8 (95% CI 1.8 -9.8) and 2.3 (95% CI 0.5 -4.1) cases per 1000 patient-years, respectively. Among patients with patent arterial duct, of whom the vast majority (84%) had undergone ligation, there were no cases of IE. Of nine patients with atrial septal defect and IE, eight patients had concomitant lesions, being either valvular (particularly of the mitral valve) or a small ventricular septal defect. Table 2 shows the predictors of the final model, including gender, multiple defects, main congenital heart defect, and three types of complications in childhood: IE, cerebrovascular accident or transient ischaemic attack, and supraventricular arrhythmia or conduction disturbances. The mean predicted risk up to the age of 40 was 2.4%, and up to the age of 60 was 4.7%. The model discriminated fairly well between patients who developed IE and patients who did not, as the c-statistic was 0.75. For reasons of possible model instability, patients with pulmonary stenosis were added to the reference group in a separate analysis, but that did not materially influence the results (data not shown). Figure 2 shows the cumulative risk of IE over time after 18 years of age in all CONCOR patients. The risk of IE increased with age in a linear fashion; the cumulative observed risk of IE at the age of 40 was 2.4%, and at the age of 60 was 4.4%. In addition, this figure shows the agreement between the risk of IE as observed in CONCOR patients and the subgroups of patients who, according to the prediction model, are at low or at high risk for IE up to 40 and 60 years of age. In patients with a low predicted risk up to the age of 40 (risk ,3%; n ¼ 7710, 76% of the population), the observed incidence of IE was less than 1%. Among patients with a high predicted risk (≥3% or higher; n ¼ 2500, 24%), the observed incidence of IE was 6%. Additionally, the risk of IE up to 60 years of age was calculated. Patients with a low predicted risk (n ¼ 4176, 41%) had an observed incidence of 1%; those with a high predicted risk (n ¼ 6034, 59%) had an observed incidence of 7%. Table 3 shows the score chart for practical application of the prediction model on the individual 18-year-old patient with Figure 1 Incidence rate of infective endocarditis by defect per 1000 patient-years. Bars represent 95% confidence intervals for the incidences rates found (+1.96*standard error). Rates are shown in descending order of frequency. PA + VSD, pulmonary atresia with ventricular septal defect; ccTGA, congenitally corrected transposition of the great arteries; UVH/DILV, univentricular heart/double inlet left ventricle; BAV, bicuspid aortic valve; VSD, ventricular septal defect; AoS, aortic stenosis; AVSD, atrioventricular septal defect (including atrial septal defect, primum type), ToF, Tetralogy of Fallot; TGA, transposition of the great arteries; Marfan, Marfan syndrome; CoA, aortic coarctation; Ebstein, Ebstein malformation; PS, pulmonary stenosis; ASD, atrial septal defect; Other, congenital heart defects with n , 100 [defects n . 50: mitral valvar prolapse (n ¼ 79), aortic regurgitation (n ¼ 74), double outlet right ventricle (n ¼ 73), and tricuspid atresia (n ¼ 73)]; All, all defects taken together.
Turning 18 with congenital heart disease congenital heart disease. As an example of how to use this chart, we consider a young man with a ventricular septal defect and a pulmonary valvar stenosis with a history of IE, who recently transferred from the paediatric to the adult cardiologist. His gender accounts for 0 points, whereas the presence of more than one defect yields 5 points. Ventricular septal defect is considered more severe than pulmonary valvar stenosis, 17 and is therefore regarded as the main diagnosis. Since only the main defect contributes to the score, ventricular septal defect accounts for 26 points.
His childhood history mentions IE (23 points). Thus, this young man would have a total score of 0 + 5 + 26 + 23 ¼ 54 points, which, divided by 10 and rounded to the nearest integer, corresponds to a risk of IE of 21% up to the age of 40, and a risk of 37% up to 60 years of age.
Discussion
We developed a prediction model to identify patients with congenital heart disease in transition from childhood to young adulthood who are at increased risk of IE. To our knowledge, this is the first study to provide absolute risk estimates of IE for individual patients who recently made the transition from the paediatric to the adult cardiologist based on a large body of long-term follow-up data.
Relation to current literature
We found an overall incidence rate of IE of 1.1 per 1000 patientyears, which is clearly increased compared with the rate of 1.7 -6.2 per 100 000 patient-years in the general population. 12 Confined to congenital heart disease, Gersony et al. 29 reported the incidence rates of congenital aortic stenosis and ventricular septal defect of 2.7 and 1.4 per 1000 patient-years, respectively. Morris et al.
30
described the incidence of IE 30 years after childhood surgery for 12 congenital heart defects, yielding incidence rates of up to 11.5 cases per 1000 patient-years for pulmonary atresia with ventricular septal defect. However, these comparisons ought to be viewed with caution, since these studies comprise children with congenital heart disease. Hence, the findings cannot evidently be extrapolated to adults with congenital heart disease. We found no cases of IE in patients with patent arterial duct, of whom the vast majority (84%) had undergone ligation. Similarly, a previous study reported no case of IE 30 years after repair of patent arterial duct. 30 Furthermore, the incidence rate of IE in patients with atrial septal defect was higher than expected. These patients had concomitant lesions that rendered them vulnerable to IE, being either valvular (particularly concerning the mitral valve) or a small ventricular septal defect. Moreover, we found a high incidence of IE in patients with congenitally corrected transposition of the great arteries, who represent a mere 1% of our study population, since this defect is both rare at birth and in many infants with congenitally corrected transposition of the great arteries too severe to reach adulthood. We believe that these adult patients have a relatively high incidence of IE as they, on average, have more complex congenital heart defects that are often accompanied by many residua. This makes them more vulnerable in general and in particular if they have residua from an accompanied ventricular septal defect. Furthermore, we found no difference in risk of IE between patients with corrective and palliative interventions. Apart from numbers that may have been too small to reach statistical significance, this may be partially due to the presence of residua in many defects. We found a mortality rate by IE of almost 6% in our study population, which is comparable with other studies assessing mortality by IE in adults with congenital heart disease. 31, 32 Various studies have described the clinical characteristics and outcomes of adult patients with congenital heart defects who developed IE. 31 -33 Yet these studies are restricted to patients with congenital heart disease who have already had IE, and thus cannot assess the risk of IE in the whole population. It becomes clear that a gap exists in the current evidence on prognosis concerning the development of IE in adult congenital heart disease, which is reflected by current guidelines that lack accurate risk estimates of future IE in adults with congenital heart disease. 10, 11 Notwithstanding the importance of expertise and clinical experience, it makes the call for an evidence-based risk assessment of IE even more compelling. The prediction model presented in this study is a first attempt to fill in this gap. Our prediction model comprises several predictors that are known for predisposing to IE, such as gender, 34, 35 increased age, 36 and a prior history of IE. 8, 37 Factors attributing to the increased male risk of IE are sought in lifestyle such as inadequate dental hygiene 38 and intravenous drug use, 39 both of which are more common in men. Some of the associations may seem counterintuitive, such as prosthetic valves which did not predict IE, and rhythm or conduction disturbances that inversely predicted IE. These findings can be explained by the fact that these associations are found in a subset of patients of which the reference group consists of all other patients with congenital heart disease (and thus the morbidity associated with them), rather than a reference group of healthy counterparts without any history of disease or complications. Thus, it is important to recognize that a predictive association does not necessarily imply a causal relation, and therefore should not be interpreted as such. Our predictors merely reflect their ability to distinguish between patients who will and will not develop IE. Moreover, if childhood complications and interventions do not contribute to our model, this obviously does not exclude the possibility of a causal relationship with IE, it only means that their presence, for instance of prosthetic valves, does not have further discriminative ability in our patients.
Strengths and limitations
We used a large nationwide patient population that is representative of the adult patient population with congenital heart disease and outcomes of adult patients with congenital heart disease. Additionally, we were able to base the model on the wide spectrum of clinical characteristics of these patients, and a range of clinical variables were available to use as potential predictors. However, the relatively low number of patients with IE yields the danger of an unbalanced prediction model, although the shrinkage factor close to 1.00 and sufficient calibration suggest a fairly stable model. Our prediction model is conditional on the premise of both clinical and procedural characteristics changing over the years. Some predictors were more precisely estimated than others, as reflected by the confidence bands around the HR. Furthermore, some factors were not taken into account that might have influenced the risk of IE, such as knowledge of disease, medical centre, and social conditions. In the CONCOR registry, measurement of such factors is under consideration, but logistic implications and measurement validity are issues to be dealt with. Nevertheless, such factors may be aetiologically important and future research should reveal their added prognostic value. Our model fits the current clinical setting of the young adult with congenital heart disease who recently transferred from the paediatric Figure 2 Observed cumulative risk of infective endocarditis from 18th birthday up to the age of 40 Turning 18 with congenital heart disease to the adult cardiologist, in whom childhood and patient characteristics are to provide an estimate of IE risk. Preferably, the model needs to be validated in other cohorts to allow its use with confidence in clinical practice. Adult patients who died prior to enrolment in the CONCOR registry are not accounted for in this prediction model.
Future research and implications
Several studies have shown that adult patients with congenital heart disease often have inadequate knowledge of the symptoms and risk factors of IE as well as hygienic measures despite educational counselling. 40 -42 Yet IE is a serious condition, as confirmed by the two-fold increased mortality risk we found. We seek the explanation of this finding in the fact that patients with IE are more vulnerable in general, which makes them prone to both IE, other health issues, and death. Using our model, patients with an estimated IE risk up to 40 years of, for instance, at least 3% (which accounts for 24% of our study population) may be targeted for intensified education on proper daily dental and skin care, and signs or symptoms that should prompt them to consult their cardiologist immediately. Additionally, the physician may be more vigilant on both timely identification and prevention by assessing risk factors, aside from affirming the need for antibiotic prophylaxis in patients who have the highest risk of adverse outcome from IE. 10 High-risk patients who have an untreated or residual ventricular septal defect may also benefit from closure, although this remains a matter of debate. 43, 44 By applying these measures, a decrease in the occurrence of IE and its sequelae might be expected. We believe that our model is a first step in this direction. Finally, further research on the effect of 22q11 deletion or other syndromes on the incidence or mortality of IE might be of interest.
In conclusion, the risk of IE can be accurately predicted in young adult patients with congenital heart disease using a few simple clinical parameters. Application of the prediction model, which should preferably be preceded by confirmation in other cohorts, may lead to individually tailored medical surveillance and educational counselling for IE, thus enabling early detection or averting IE in adult patients with congenital heart disease. 
